els of the spinal cord, innervates axial and body wall muscles, whereas the lateral motor column (LMC), located only at limb levels, innervates limb muscles. The LMC is further divided into medial (LMCm) and lateral (LMCl) columns that send axons to the ventral and dorsal 
These findings provided the first demonstration of a territories, we next performed an in situ hybridization requirement of specific subsets of motor neurons for a analysis of serial transverse sections throughout the given neurotrophic factor, but left open the question of cervico-thoracic region. We used probes for Gdnf and motor neuron fate in the absence of GDNF. Although nlslacZ in combination with probes for the early muscle GDNF was initially characterized for its ability to prevent cell markers Pax3, myogenin, and MyoD, and Sox10, a cell death of subsets of neurons during development, marker of early Schwann cells. Gdnf expression, asevidence has recently accumulated that it can also regusessed by Gdnf or nlslacZ antisense probes in Gdnf ϩ/Ϫ late proliferation and differentiation (Taraviras et al., embryos, perfectly matched the pattern previously re-1999). This left open the possibility that in Gdnf Ϫ/Ϫ and vealed by X-Gal staining. At the 37 somite stage, Gdnf ϩ Gfra1 Ϫ/Ϫ mutant spinal cords, motor neurons might not cells found at the base of the limb did not express Pax3, be lost through cell death but may be affected at earlier MyoD, or Sox10 (data not shown), in agreement with developmental stages. Wright and Snider (1996) , and are likely of mesenchymal The restriction of the Gdnf and Gfra1 mutant phenoorigin. type to a limited number of spatially delimited groups of At E12.5, Gdnf ϩ cells were present in the myogeninmotor neurons was also unexplained. Although GFR␣1
and MyoD-labeled CM and LD muscles but absent from expression is itself restricted to certain subsets, many other muscles ( Figures 1I-1K ). Moreover, Gdnf ϩ cells GFR␣1-expressing motor neurons are apparently unafwere not detected in Sox10-stained nerve branches (arfected in the mutants, suggesting that the specificity of rowhead in Figure 1L ). In an attempt to establish the the mutant phenotype has other determinants. Here and identity of GDNF ϩ cells in muscle, we analyzed by elecin the companion paper by Livet et al. (2002; [this issue tron microscopy the en bloc X-Gal-stained upper thoof Neuron]), we show that both central and peripheral racic region containing the CM and LD muscles. Elecinfluences interact to determine the restricted requiretron-dense X-Gal precipitates were found in the nuclear ment for GDNF. First, GDNF synthesized in the periphery cistern of morphologically poorly differentiated cells induces PEA3 expression in motor neurons but can only ( Figures 1G and 1H ). The ␤-Gal ϩ cells were occasionally act on certain prespecified subsets. In the absence of mitotic and often located in immediate vicinity of cells GDNF signaling, the majority of these motor neurons harboring myofilaments, indicative of early myoblasts fail to express PEA3 and as a consequence settle at ( Figure 1H ). In contrast, cells that surrounded bundles of abnormal positions in the spinal cord and fail to inneraxons, presumably primitive Schwann cells, were never vate normally their target muscle. Second, the peripheral labeled (data not shown). In conclusion, these analyses expression of GDNF itself is spatially restricted to the revealed a highly dynamic and spatially restricted extrajectory of specific populations of growing motor neupression of GDNF: it is first expressed in the mesenrons, from their arrival in the brachial plexus to innervachyme and then in undifferentiated cells within two hytion of their target muscles. Thus, GDNF is a major pepaxial muscles. ripheral signal required for induction of PEA3, which in turn defines the central and peripheral phenotype of Innervation of the Cutaneus Maximus and specific motor pools.
Latissimus Dorsi Muscles Is Specifically Affected in Gdnf and Gfra1 Mutant Mice Results
To understand the precise relationship of the GDNF expression pattern to that of growing nerves, we used Dynamic and Specific Expression Patterns of Gdnf whole-mount neurofilament (NF) staining and combined in the Developing Neuromuscular System X-Gal/NF staining of heterozygous Gdnf ϩ/Ϫ embryos To understand the subset-specific nature of the Gdnf Ϫ/Ϫ and Gfra1 Figures 2N and 2T ) (Greene, confined to a small region around the plexus where the C5-C8 nerve fibers intermingled (Figures 2A and 2C) .
1963). The strong correlation between restricted GDNF exBy E11, individual nerves from the plexus began to defasciculate from the brachial plexus ( Figure 2H ) and pression and the growth of the motor nerves innervating the CM and LD muscles led us to analyze the role of grow into the forelimb and neck and caudally into the axillary region ( Figures 2H and 2I) . At the same stage, GDNF signaling in this process. No differences in the overall pattern of nerve growth could be seen between the zone of GDNF expression expanded specifically in the direction taken by the caudal nerve branches (Fig- wild-type and Gdnf Ϫ/Ϫ or Gfra1 Ϫ/Ϫ mutant embryos at E10.5 (Figures 2A-2F ). However, already by E11, caudal ures 2G and 2I). From E11.5-E12.5, GDNF expression nerve branches of the plexus in Gdnf Ϫ/Ϫ mice displayed abnormalities: they were atrophied and occasionally misrouted ( Figure 2J ). Similar defects were observed in Gfra1 Ϫ/Ϫ mice ( Figure 2K ). At E11.5 and E12.5, the nerve growth deficits became even more obvious ( Figures  2P-2R and 2V-2X): in all Gdnf and Gfra1 mutants analyzed (n Ͼ 15), the nerves to the CM and LD were missing or reduced to a small number of fibers. This did not reflect a disorganization of the muscle since Gdnf Ϫ/Ϫ embryos displayed the same ␤-Gal expression pattern as heterozygotes ( Figure 2S , and data not shown), indicating that the differentiation and migration of GDNF ϩ cells was not perturbed. Moreover, the phenotype was specific for the CM and LD nerves since: (1) intercostal nerves innervating the same region (visible as horizontal stripes in Figures 2T, 2V , and 2W) were unchanged, and (2) the medianus, ulnaris, and radialis nerves that innervate the forelimb displayed indistinguishable progression and caliber at E11.5-E12.5 ( Figures 2P-2R and 2V-2X) and innervated their target muscles normally (data not shown).
To examine whether the innervation defects in the CM for GDNF for ETS gene expression: Er81 ϩ motor pools, TUNEL staining at the position of the PEA3 motor pools, was not increased in mutant spinal cords at any stage which were normally confined to upper cervical levels, appeared unaltered in both Gdnf Ϫ/Ϫ and Gfra1 Ϫ/Ϫ mice from E9 to E12 (data not shown). (data not shown).
The reduced PEA3 expression in specific motor pools Specific Motor Neuron Populations Are Mispositioned in Gdnf and Gfra1 Mutant Mice before programmed cell death raised the question of whether these motor neurons do not express PEA3 or Since motor neurons that normally express PEA3 were present in normal numbers, we studied their fate in muare lost. To follow motor neuron generation and/or survival, we first counted the number of motor neurons tant spinal cords. As a first step, we determined the stage at which PEA3 deficits became apparent. At expressing the transcription factors Isl1/2 at E12. Figures 5D-5F ). There is thus a neurons should express the GDNF receptors GFR␣1 and RET. (4) GDNF must be able to induce PEA3 in vitro. subtle disorganization of the mutant spinal cord with disappearance of PEA3 ϩ /Isl1 ϩ /HB9 ϩ motor neurons Our combined analysis of peripheral innervation and GDNF expression (Figures 1 and 2) had already demonfrom their normal position and the appearance of abnor-To assess whether GDNF could induce Pea3 expression, we isolated segments of the neural tube from cervical or thoracic levels of heterozygous Pea3 ϩ/nlslacZ embryos at 30-36 somite stages ( Figure 7A ). At the time of isolation, no Pea3 expression could be detected in neural tube ( Figure 6A) . The explants were then grown in vitro for 24 hr in the presence or absence of GDNF. In cervical explants cultured in the absence of GDNF, no X-Gal precipitates were observed ( Figure 7B ). In contrast, in the presence of GDNF, the level of PEA3 induction increased markedly over the 24 hr culture period in 15 out of 19 explants. At 24 hr, numerous cells expressing PEA3 were found in a restricted region spanning intermediate and lower cervical segments ( Figure 7C ). This pattern of PEA3 expression closely mimicked the pattern seen in vivo in the 40 somite stage embryos. In order to more precisely characterize the PEA3 ϩ cells in the explants, we stained transverse sections through cultured cervical explants with antibodies against ␤-Gal,
Isl1, and HB9 (Figures 7F-7M). In triple-labeling experiments, PEA3 expression was detected only in HB9
ϩ / Isl1 ϩ motor neurons and not in HB9 ϩ /Isl1 Ϫ motor neurons ( Figure 7M ). This pattern of PEA3 expression was again strikingly reminiscent of the in vivo situation (see ures 7D and 7E). Thus, even among Ret ϩ motor neurons, only a predetermined subset is able to respond to GDNF by upregulating the ETS transcription factor PEA3. In conclusion, GDNF is an early limb-derived PEA3 regustrated that GDNF was produced in the proximal forelator. limb from the 28 somite stage onward and that the C5 to C8 motor nerve fibers gained access to this GDNF source as early as at the 36 somite stage. To precisely Figures 6C and 6G) . At later stages ‫93ف(‬ somites), cervineurotrophic factor GDNF. Only in response to peripheral GDNF do motor neurons express the ETS transcripcal Pea3 ϩ motor neurons were shown to coexpress Gfra1 and Ret (Figures 6D-6F) .
tion factor PEA3. In the absence of GDNF signaling, 
, 1998). Since 90% of motor neurons PEA3 Expression in Motor Neurons
in the Gdnf, Ret (data not shown), and Gfra1 mutants The striking similarity of the mutant phenotypes for never express Pea3, we further analyzed the possibility GDNF, GFR␣1, and PEA3 provides strong genetic evithat GDNF might be the peripheral signal inducing Pea3. dence that they are involved in the same pathway (Figure GDNF fits all the prerequisites expected for such a sig-8). First, we found no differences in the phenotypes nal. First, GDNF synthesis in the forelimb bud starts as of Gdnf and Gfra1 cervical mutant spinal cords: GDNF early as at the 28 somite stage before the onset of Pea3 signaling through GFR␣1 is thus required for correct expression by motor neurons, which occurs at the 38 development of motor neurons of the LMC, in accorsomite stage. Second, this source of GDNF is accessible dance with the requirement of GFR␣1 for GDNF-medito motor neurons that express the GDNF receptors beated motor neuron survival in vitro (Garcè s et al., 2000) .
fore they initiate Pea3 expression. Lastly, positive reguStrikingly, embryos lacking Pea3 (Livet et al., 2002) lation of PEA3 by GDNF can be demonstrated in vitro. showed a similar disorganization of LMC motor neurons.
Altogether these results strongly suggest that GDNF The similarity is not only limited to the cell positioning is a prime candidate for being the limb-derived signal defect, but also extends to the pattern of target innervanecessary for PEA3 induction. tion. The early death of Gdnf and Gfra1 mutants ( 
